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Abstract – Pd site doping effect on superconductivity was investigated in quasi-one-dimensional
superconductor Nb2(Pd1−xRx)0.76S5 (R=Ir, Ag) by measuring resistivity, magnetic susceptibil-
ity and Hall effect. It was found that superconducting transition temperature (Tc) is firstly
slightly enhanced by partial substitution of Pd with Ir and then it is suppressed gradually as Ir
content increases further. Meanwhile Ag substitution quickly suppresses the system to a non-
superconducting ground state. Hall effect measurements indicate the variations of charge carrier
density caused by Ir or Ag doping. The established phase diagram implies that the charge carrier
density (or the band filling) could be one of the crucial controlling factors to determine Tc in this
system.
Introduction. – Recently superconductivity with Tc
of about 7 K has been discovered in a transition-metal
chalcogenide Nb2PdS5, which displays extremely large up-
per critical field (Hc2), violating the Pauli paramagnetic
limit [1] by a factor of 3 [2, 3]. In contrast to the iron
pnictides, this compound crystallizes in a lower symme-
try space-group C2/m and was argued to be a multi-band
superconductor [2]. Further investigation on the substi-
tution effect shows that superconductivity is still alive at
Tc∼6 K by replacing Nb with Ta [4], which is proposed to
be close to the Anderson localization state. On the other
hand, Tc is systematically suppressed by partially substi-
tuting S by Se and eventually superconductivity disap-
pears with a semiconducting ground state at 50% Se sub-
stitution in Nb2PdS5−xSex [5], but Tc is still as high as 2.5
K in the Ta-based system Ta2PdSe5 [6]. The large upper
critical field (Hc2) is confirmed in all these superconduc-
tors [2, 4, 6, 7], which implies that it is a universal feature
and these quasi-one-dimensional (Q1D) compounds may
belong to a new family of unconventional superconduc-
tors.
The spin-orbit coupling (SOC) has been speculated to
be a potential ingredient for the unconventional properties
in these Q1D superconductors. The ratio of Hc2 to Tc
was reported to be significantly enhanced by doping Pt
into Nb2PdS5 system due to the strong spin-orbit coupling
[8]. This is also consistent with the argument that the
high Hc2 of Ta2PdS5 and Nb2PdSe5 derives from the large
SOC of heavy Pd element [4,7]. In addition, according to
the theoretical study of the electronic structure of these
compounds, 4d electrons of Pd contribute to the Fermi
surface mostly [2,7] and thus it is believed that the heavy
element Pd with 4d electrons should play a key role in the
mechanism of superconductivity [2, 9], but there are very
few studies on this issue.
In this Letter, we focus on the doping effect on Pd site by
heterovalent transition metals such as Ir and Ag. It turns
out that superconductivity can be slightly enhanced by
partial substitution of Pd by Ir, but is suppressed rapidly
with Ag doping. A phase diagram of Nb2(Pd1−xRx)0.76S5
(R=Ir, Ag) is established, which indicates that supercon-
ductivity is systematically affected by the 4d or 5d electron
numbers on the Pd site, and the charge carrier density
could be one of the crucial factors to control superconduc-
tivity in Nb2Pd0.76S5.
Experiment. – Poly-crystalline samples of
Nb2Pd1−xRxS5 (R=Ir, Ag) were synthesized by a
solid-state reaction method. Powders of Nb(99.99%),
Pd(99.99%), Ir or Ag (99.99%), and S(99.9%) were mixed
and pelletized in a stoichiometric ratio of 2:1-x:x:6.
The pellets were then sealed in an evacuated quartz
tube followed by a sintering procedure at 1123 K for
24 h. All procedures were performed in a glove box
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Fig. 1: (a) Powder X-ray diffraction patterns at room temper-
ature for Nb2(Pd1−xIrx)0.76S5 with x from 0 to 1. (b) XRD
patterns for Nb2(Pd1−xAgx)0.76S5 with x = 0, 0.1, 0.2, 0.3
and 0.4 respectively. The right panel plots Ir(Ag) doping de-
pendence of lattice parameters, where a, b and c are denoted by
triangle, square and circle symbols respectively. Minor peaks
from impurity are marked by asterisks.
filled with high-purity argon except for the sintering
process. The obtained samples usually shows Pd site
deficiency, which were found to be around 0.24 according
to the measurements of energy-dispersive x-ray spec-
troscopy (EDX). Namely the samples can be described
as Nb2(Pd1−xRx)0.76S5. Both area (of about 4µm
2) and
spot scans were used in the EDX measurements and the
estimated errors are about 3%-5%.
Room temperature powder X-ray diffraction (XRD)
was performed using a PANalytical x-ray diffractometer
(Model EMPYREAN) with a monochromatic Cu-Kα ra-
diation. The electrical resistivity was measured using a
standard four-terminal method. The Hall effect was per-
formed on a Quantum Design physical property measure-
ment system (PPMS-9). The DC magnetization measure-
ments were performed on a Quantum Design magnetic
property measurement system (MPMS-5). Both the zero
field-cooling (ZFC) and field-cooling (FC) measurements
were applied.
RESULTS AND DISCUSSION. – Figure 1 (a)
and (b) show the XRD patterns for the samples of
Nb2(Pd1−xIrx)0.76S5 and Nb2(Pd1−xAgx)0.76S5 respec-
tively. The main XRD peaks can be well indexed based on
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Fig. 2: (a) Temperature dependence of normalized resistivity
for Nb2(Pd1−xIrx)0.76S5 with x from 0 to 1. (b) Temperature
dependence of normalized resistivity for Nb2(Pd1−xAgx)0.76S5
with x = 0, 0.1, 0.2, 0.3 and 0.4 respectively. The insets zoom
in the low temperature regimes below 8 K.
the C2/m space group except a few minor peaks assigned
as impurity phase marked by the asterisks, which is un-
known yet. The right panels plot the lattice parameters
as a function of nominal Ir or Ag content. It is found that
for Ir doping, the lattice parameters seem less dependent
on the Ir content due to the comparable ion radius of Ir
and Pd. In contrast, the a and c axis for the Ag-doped
samples increase monotonically, consisting with the large
radius of Ag ion, while the b axis does not change so much.
The temperature dependence of resistivity for
Nb2(Pd1−xIrx)0.76S5 and Nb2(Pd1−xAgx)0.76S5 is
presented in fig. 2. Each curve has been normalized by
its room temperature value for easy presentation. The
absolute values of resistivity at 300 K range from 1.21
mΩ · cm to 3.09 mΩ · cm,comparable with that found in
Nb2PdxSe5 [7]. For the undoped compound Nb2Pd0.76S5,
ρ(T ) remains metallic and becomes superconducting
below 6.8 K. Upon doping, a small upturn can be seen in
ρ(T ) at low temperatures, which is also found in Ta or
Se doped samples due to the proximity to an Anderson
localization associated with strong disorders [4, 5]. Such
a small upturn in resistivity could also be caused by
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Fig. 3: Temperature dependence of the dc magnetic suscep-
tibility under ZFC and FC protocols for Nb2(Pd1−xIrx)0.76S5
and Nb2(Pd1−xAgx)0.76S5 samples under a magnetic field of
10 Oe below 8 K.
the grain boundary effect in polycrystalline samples,
as reported previously in the high-Tc cuprates [10].
Meanwhile, the critical temperature Tc starts to increases
with Ir doping and reaches a maximum of 8 K at x = 0.4,
then Tc rapidly decreases and drops below 0.5 K at x = 1.
While for Nb2(Pd1−xAgx)0.76S5, the superconductivity is
suppressed quickly with increasing Ag content and finally
disappears (for T > 0.5K) with 40% substitution of Ag.
The bulk nature of the superconductivity for the doping
samples was confirmed by the magnetization measure-
ments, as given in fig. 3, where large diamagnetic signals
can be clearly seen for the superconducting samples.
Figure 4 shows the Hall coefficient (RH) as a
function of temperature for Nb2(Pd1−xIrx)0.76S5 and
Nb2(Pd1−xAgx)0.76S5 samples respectively. It may be
noted that the Hall coefficient is usually not very
sensitive to grain boundaries [10, 11]. The RH of
Nb2(Pd1−xIrx)0.76S5 is positive in normal state, suggest-
ing the dominant charge transport by the hole conduc-
tion. This positive RH confirms the hole doping by sub-
stituting Pd with the Ir element. On the other hand,
the negative Hall coefficient for Nb2(Pd1−xAgx)0.76S5 im-
plies the electron dominant transport properties in the Ag
doped samples, which is in agreement with the additional
electrons induced by replacing Pd with Ag. The normal
state RH (T ) exhibits very weak temperature dependence,
which is usually observed in conventional one-band met-
als. For a multi-band system, a strong temperature de-
pendence of RH is often expected. In addition, the linear
magnetic field dependence of the Hall resistivity found in
Nb2Pd1.2Se5 [7] is also observed in our samples, suggest-
ing that the Hall effect could be dominated by only one
type of charge carriers.
The middle point of superconducting transition temper-
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Fig. 4: Temperature dependence of the Hall coefficient for
Nb2(Pd1−xIrx)0.76S5 (full symbols) and Nb2(Pd1−xAgx)0.76S5
samples (empty symbols) respectively.
ature in resistivity, Tmidc , for Nb2(Pd1−xRx)0.76S5 (R=Ir,
Ag) as well as the estimated charge carrier density (n)
extracted from RH at T = 150 K and 300 K is plotted
against Ag (Ir) content (x) in fig. 5. Since the Hall effect
might be dominated by one band, we just simply assume
a single band model to estimate the carrier density using
RH =
1
ne
. Although the carrier density extracted through
a single band model is not very accurate considering the
complex Fermi surfaces in this system, it could still give
a qualitative estimation on the evolution of carrier num-
bers with the doping. Giving the heterovalent doping of
Ir and Ag, it is believed that such dopants will change the
carrier density in the system, which is indeed confirmed
by the Hall measurements. As shown in fig. 5, a mono-
tonic increase of the carrier density with increasing Ir (Ag)
doping is clearly observed, although the change rate of car-
rier density with doping content (x) for the two dopants
are slightly different. Overall, superconductivity is firstly
enhanced by the hole-type doping (Ir doping) and Tmidc
reaches the highest value (∼ 8 K) around x (Ir) = 0.4.
But upon further hole doping, Tmidc is rapidly suppressed.
On the contrast, with electron-type doping (Ag doping),
Tmidc decreases monotonically with x (i.e., increasing elec-
tron carrier density), and finally superconductivity disap-
pears (for T > 0.5 K), suggesting a significant negative
correlation between electron-type carrier density and su-
perconductivity. Thus our data illustrate that the suitable
charge carrier density (or band filling) could be crucial to
the occurrence of superconductivity.
The observation above could be understood in the fol-
lowing scenario. According to the band calculations [2,7],
the parent compound Nb2PdS5 has been predicted to be
very close to an itinerant magnetically ordered state with
a complex Fermi surface (FS) composed of Quasi-two-
dimensional (Q2D) sheets of hole character and strongly
warped quasi-one-dimensional sheets of both hole and
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Fig. 5: Phase diagram of Tmidc (square), nT=150K (upper
triangle, solid line) and nT=300K (down triangle, dashed
line) vs. doping for Nb2(Pd1−xIrx)0.76S5 (full symbols) and
Nb2(Pd1−xAgx)0.76S5 (empty symbols). The negative (pos-
itive) value of nT=150K (or nT=300K) indicates the electron
(hole)-type charge carriers.
electron. By adding a small amount of extra negative
(electron) charge into the system, the very flat band near
Fermi energy will become the Q1D Fermi surface sheets,
giving rise to strong nesting properties as well as large
density states, so that the long range magnetic order
could be stabilized. It is well known that, in many un-
conventional superconductors, the magnetic order such as
anti-ferromagnetism and spin density wave (SDW) com-
petes with superconductivity [12,13]. Therefore the nega-
tive correlation between electron-type charge carrier den-
sity and superconductivity in Nb2Pd0.76S5 could be well
understood in this manner. Namely Ag doping induces
electron-type charge carriers to the system and then drives
it even close to the magnetic instability. Another possi-
ble scenario is that the strong nest properties of FS may
allow the formation of charge density wave (CDW) in low-
dimensional systems, which usually competes with super-
conductivity [7]. In this case, Ag doping may drive the sys-
tem close to the CDW order. Nevertheless, the situation
for the hole doping (Ir doping) is somewhat complicated.
Tc initially increase with hole-type charge carrier density,
reaches a maximum of about 8 K, then decreases quickly
with further hole-type doping. Although we can naively
assume that the hole-type doping could drive the system
away from the magnetic instability and thus it has a pos-
itive effect on superconductivity, the reason why Tc drops
with further Ir doping remains an open issue. Note that
the chemical pressure, for example, the substitution of S
by Se [5], could reduce Tc significantly in this Q1D system.
However, in the case of Ir-for-Pd doping, the lattice pa-
rameters do not change so much, thus the effect of chemi-
cal pressure might be ruled out. Another possible explana-
tion may be related to the variation in the strength of the
spin-orbit coupling due to Ir doping. Since Ir has larger
atomic number than Pd, its inherent SOC should be nat-
urally larger than that of Pd. Therefore, with increasing
Ir doping, the strength of SOC could be enhanced. How-
ever, recent experimental studies on superconductivity of
the LaAlO3/SrTiO3 interface and the transport properties
in a Pb thin film under an in-plane magnetic field show
that large SOC has a positive impact on low-dimensional
superconductivity [14, 15]. Moreover, a theoretical study
on Bi-rich compounds ABi3 (A=Sr and Ba) [16], which
are of a three-dimensional structure, demonstrates that
superconductivity could be significantly enhanced due to
the phonon softening and an increase in electron-phonon
coupling induced by SOC. Therefore, the effect of SOC on
Tc in Nb2PdS5 system is an interesting issue. In the case
of Pt doping, in contrast to Ir doping, Tc is depressed, but
its SOC should be enhanced [8] as in the Ir-doping case.
An interesting feature of the phase diagram shown in fig.
5 is that the dependence of Tc on the charge carrier den-
sity is also dome-like, which mimics the phase diagram in
high-Tc superconductors such as the cuprates [17] and iron
pinctides [18] despite of the sign change in the dominant
charge carriers. Upon electron (hole) doping, supercon-
ductivity emerges and Tc increases, reaches a maximum
at an “optimal doping level” at x (Ir) = 0.4, and then
it is suppressed quickly. Finally superconductivity disap-
pears in the so-called ”overdoped region”. Giving that the
parents compounds of cuprates and iron pnictides are an-
tiferromagnetically (AFM) ordered [19,20], the proximity
to a long range magnetic order in the Nb2PdS5 system
predicated by the band calculations, though not experi-
mentally observed so far, implies the similarity in phase
diagrams for these unconventional superconductors, which
may imply that the mechanism of superconductivity of
the Nb2PdS5 system could have a close relationship with
these systems. On the other hand, superconductivity is
often found close to a quantum critical point (QCP) in
the materials where a long-range magnetic order is gradu-
ally suppressed as a function of a control parameter such as
charge-carrier doping or pressure. It is an interesting issue
if there exists a parent compound with magnetic order in
the Nb2PdS5 system and a magnetic QCP accompanied by
the emergence of superconductivity. Nb2Pd0.76S5 is found
to be Fermi-liquid like in the temperature range just above
Tc, however, other chalcogenides such as Nb2PdxSe5 [7]
and Nb3PdxSe7 [9] display metallic state with non-Fermi-
liquid behavior at very low temperatures. To elucidate
such issues, more theoretical and experimental studies are
required.
CONCLUSION. – In summary, we have in-
vestigated the superconducting properties in the
Nb2(Pd1−xRx)0.76S5 (R=Ir, Ag) polycrystalline samples.
It is found that superconductivity can be enhanced by
partial substitution of Ir but is quickly suppressed to a
nonsuperconducting ground state with 40% Ag doping.
Ag doping is an electron-type dopant and Ir doping could
p-4
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be regarded as the hole-type dopant as suggested by the
Hall effect measurements. The overall phase diagram
indicates a domelike dependence of Tc on the doping
level, which mimics the general phase diagrams of high-Tc
superconducting cuprates and some other unconventional
superconductors. Our work implies that there could
exist a competing order, either magnetic order or charge
order in this system and the charge carrier density (or
band filling) is one of the crucial factors to tune the
superconducting order.
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